INTRODUCTION
Cadmium is a non-essential toxic metal, which can be absorbed through smoking, diet and occupational exposure in certain industries. The elimination of cadmium from the human body is a slow process-the biological half-life has been estimated to be 10-40 years. 1 2 Previous studies have shown that exposure to cadmium is low in the Swedish population as compared to, for example, studies from the USA 3 4 and the Far East. 5 Smoking and diets including vegetables, whole grain and potatoes are important sources of cadmium in Sweden. 6 Occupational exposures have historically caused very exposures; however, this is now an unusual reason for cadmium exposure in Sweden. 7 Multiple adverse health effects of cadmium exposure have been reported, such as increased risk of renal dysfunction, 1 6 8 9 osteoporosis [9] [10] [11] and cancer. [12] [13] [14] Recent studies also found that cadmium was associated with the prevalence and future growth of atherosclerotic plaques 15 and with cardiovascular disease (CVD). 16 17 However, to the best of our knowledge, only two studies, both in the USA, have investigated the association between cadmium and heart failure (HF) 3 16 Peters et al 3 conducted a cross-sectional study in a sample from the US general population, and found both blood and urinary cadmium to be associated with self-reported prevalence of HF, and the association was similar among men and women. Tellez-Plaza et al 16 reported an association between urinary cadmium and HF in a prospective cohort study of 3348 American Indian adults aged 45-74 years.
Strengths and limitations of this study
▪ A large cohort with extensive information of cadmium and cardiovascular risk factors was studied. ▪ Incidence of heart failure (HF) and atrial fibrillation was monitored during a long follow-up. ▪ We were unable to detect cases of HF that were diagnosed in the outpatient setting or undiagnosed. Therefore, it is unclear whether the present results could be generalised to less severe forms of HF.
There is experimental support for a direct toxic effect of cadmium on the heart muscle cells and possibly also the cardiac conduction system. [18] [19] [20] [21] [22] [23] In humans, autopsy studies have shown that the myocardial content of cadmium increases with age, up to late middle age, and mirrors the exposure to cadmium. 24 To the best of our knowledge, no previous study has explored the relationship between cadmium and the incidence of atrial fibrillation (AF). AF is a comorbid condition among patients with HF who share risk factors such as hypertension, diabetes, ischaemic heart disease and valvular disease. [25] [26] [27] Thus, the purpose of this population-based study was to explore whether elevated blood cadmium levels are associated with the incidence of HF or AF in middle-aged participants.
METHODS

Study population
The Malmö Diet and Cancer (MDC) is a prospective cohort study from the city of Malmö, Sweden with baseline examination between March 1991 and September 1996. 28 29 Participants filled out a self-administered questionnaire and underwent physical examination and sampling of peripheral venous blood. The participant rate was 41%. A random sample of the MDC cohort, the MDC cardiovascular cohort (MDC-CC) (N=6103), was invited to take part in a study of the epidemiology of carotid artery disease between 1991 and 1994. 30 Blood samples were donated by 5540 of them after an overnight fast, and cadmium could be measured in 4952 participants (aged 46-68 years, 60% women). Individuals with a history of HF (n=8) or AF (n=42) at baseline were excluded from the analysis of the respective outcomes. The final study population included 4378 participants after exclusion of participants with missing values on conventional cardiovascular risk factors and biomarkers.
Measurements and definitions
The self-administered questionnaire provided information on current use of antihypertensive, lipid-lowering, and antidiabetic medication, smoking habits, marital status and educational status. 28 Waist circumference (in cm) was measured midway between the lowest rib margin and iliac crest. Blood pressure was measured once using a mercury-column sphygmomanometer after 10 min of rest in the supine position. Diabetes mellitus was defined as a self-reported physician's diagnosis of diabetes, use of antidiabetic medications or fasting whole blood glucose level greater than 109 mg/dL (eg, ≥6.1 mmol/L). 31 History of a coronary event at the baseline examination was retrieved from the Swedish Hospital Discharge Register. Participants were categorised into current smokers (those who smoked regularly or occasionally), former smokers or never-smokers. Pack-years of smoking were calculated by the years of smoking X the number of daily cigarettes, divided by 20.
As never smokers were marked as zero, pack-years were available in 3597 participants and 781 participants missing information on pack-years. High alcohol consumption was defined as >40 g alcohol per day for men and >30 g per day for women. Marital status was categorised as being married or not. Educational level was divided into less than 9, 9-11 and 12 years or more of education.
Laboratory measurements
The blood cadmium concentrations were calculated using erythrocyte concentrations of cadmium adjusted for haematocrit. Cadmium was analysed using inductively coupled plasma mass spectrometry (Agilent 7700x ICP-MS, Agilent Technologies). All samples were analysed in three different rounds with external quality control samples being included. Two QC samples were Measurements of high-density lipoprotein (HDL) were performed on fresh blood samples according to standard procedures at the Department of Clinical Chemistry, University Hospital Malmö. Low-density lipoprotein cholesterol (LDL) concentration was calculated according to Friedewald's formula. Plasma biomarkers were measured from fasting plasma samples that had been frozen at −80°C immediately after collection. High-sensitivity C-reactive protein (hsCRP) was analysed using the Tina-quant CRP latex assay (Roche Diagnostics, Basel, Switzerland). Plasma creatinine (μmol/L) was analysed with the Jaffé method, standardised according to the International Standardization with isotope dilution mass spectometry (IDMS).
Follow-up and ascertainment of cardiovascular events All cases were retrieved from the Swedish hospital discharge register. This register has been operating in the south of Sweden since 1970 and became nationwide in 1987. HF was defined according to the International Classification of Diseases (ICD) code 427.00, 427.10 and 428.99 (ICD-8); 428 (ICD-9); and I50, I11 (ICD-10) as the primary diagnosis. 32 AF was defined using diagnosis codes 427.92 (ICD-8), 427D (ICD-9) and I48 (ICD-10). 33 Validation studies have shown that the Swedish hospital discharge register has a case validity of 95% for a primary diagnosis of HF 32 and a case validity of 98% for AF. 33 Statistical analysis Individuals with a history of HF or AF at baseline were excluded from the respective analyses. All participants were followed from the baseline examination until death, emigration from Sweden or 31 December 2010, whichever came first. In addition, follow-up time was stopped at a first event of HF for the study of incidence of HF, and at a first event of AF for the study of incidence of AF. A total of 30 (0.7%) participants emigrated from Sweden during the follow-up. hsCRP showed a right-skewed distribution and was logtransformed. Cross-sectional relations of sex-specific cadmium quartiles (ie, with the same proportions of men and women in each quartile) to cardiovascular risk factors were assessed using one-way analysis of variance for continuous variables and logistic regression for dichotomous variables. Cox proportional hazards regression was used to examine the association between cadmium (in sex-specific quartiles) and incidence of HF or AF. HRs with 95% CIs were calculated. The basic model was adjusted for age. In model 2, we also adjusted for other established cardiovascular risk factors, that is, systolic blood pressure, use of blood pressure-lowering or lipids-lowering medications, presence of diabetes mellitus, history of a coronary event, waist circumference, smoking status, alcohol intake, LDL, HDL, hsCRP, plasma creatinine, and marital and educational status. The fit of the proportional hazards model was checked visually by plotting the incidence rates over time and by entering time-dependent variables into the model. Possible interactions between cadmium and cardiovascular risk factors on incident HF or AF were explored by introducing interaction terms in the multivariate model. The Kaplan-Meier curve was used to illustrate the incidence of HF in relation to cadmium. The association between incident HF and cadmium level was also assessed using a restricted cubic spline with five knots of blood cadmium in models adjusted for age, sex and smoking status. p<0.05 was considered statistically significant. All analyses were performed using IBM SPSS V.20 (IBM Corp.) or Stata software V.12.0 (StataCorp).
RESULTS
Baseline characteristics
Cardiovascular risk factors at the baseline examination in relation to the sex-specific quartiles of cadmium are presented in table 1. Age, hsCRP, HDL, plasma creatinine, systolic blood pressure, history of diabetes, history of a coronary event, current smoking, high alcohol intake, being unmarried and low educational level were significantly associated with the cadmium level, table 1.
Incidence of HF and AF in relation to cadmium During a mean follow-up of 16.8 years, 143 participants (53% men) had a first hospital diagnosis of HF. A total of 385 individuals (52% men) were diagnosed with AF during the follow-up.
Participants in the 4th compared to the 1st quartile of cadmium had a significantly higher risk for incident HF (HR 2.64, 95% CI 1.60 to 4.36) after adjustment for age, table 2 and figure 1. This association remained significant after further adjustment for possible confounders, HR 1.95 (1.02 to 3.72). However, the relationship across quartiles of cadmium was non-linear ( p for trend 0.21).
The restricted cubic spline model of incident HF across cadmium levels, adjusted for age, sex and smoking status, is shown in figure 2 . The risk for HF was not linear across the cadmium level, and the 4th quartile of blood cadmium (>0.49 µg/L) indicated an increased risk for HF.
A sensitivity analysis with additional adjustment for pack-years was performed. The result was similar (HR for 4th vs 1st quartile: 1.98: 1.04 to 3.78, p=0.038). We also performed a sensitivity analysis using erythrocyte cadmium instead of blood cadmium, and the results were essentially the same, online supplementary table S1. In addition, we analysed the association between blood cadmium and HF using quartile limits based on the entire sample instead of sex-specific cut-offs. The HR (Q4 vs Q1) was 1.83 (1.00 to 3.36, p=0.052) for the adjusted model when sex was added to the covariates. The relationship between cadmium and HF was only observed in participants above 57 years of age. HR for Q4 versus Q1 for sex-specific quartiles cadmium was 1.11 (0.26 to 4.73, p=0.888) among the 46-57-year-olds and 2.20 (1.07 to 4.50, p=0.031) among those above 57-67 years. However, only 24 HF cases occurred in participants aged 46-57 years.
Sensitivity analysis was performed separately for men and women to examine the effects of cadmium on the incidence of HF. The significant association between cadmium and incident HF was only found among men, table 3. Additional adjustment for menopausal status in women did not change the association, data not shown. Since cadmium exposure is higher in smokers, we also performed a separate analysis of incidence of HF in never smoking participants. The point-estimate was similar to that in all participants, although it was not statistically significant (table 4 ).
An elevated blood cadmium level was not significantly associated with increased incidence of AF, when adjusted for age (HR 1.25, 0.93 to 1.68), table 2. The associations were further attenuated when adjusting for other risk factors.
In the multivariate adjusted model for incident HF, age, use of blood pressure-lowering medication, diabetes, waist circumference, hsCRP and history of a coronary event were independently associated with an increased risk for HF. Age, waist circumference, use of lipid-lowering medication, antihypertensive medication and low LDL were significantly associated with AF in the multivariate analysis. No significant interaction was observed between cadmium level and other cardiovascular risk factors on incident HF or AF, respectively. 
DISCUSSION
This large, prospective Swedish population-based study showed a significantly higher incidence of HF in participants in the 4th quartile of blood cadmium compared to those in the 1st quartile. However, the relationship was non-linear and no increased risk was found for participants in the 3rd quartile of cadmium. Our results extend data from two previous studies from the USA which were based on self-reported HF in a cross-sectional study 3 and the incidence of HF in an ethnic minority with much higher levels of exposure to cadmium than the median levels in this study (0.24 µg/L in men and 0.27 µg/L in women). 16 The results support the hypothesis of a relationship between increased cadmium levels and risk of HF. However, we found no significant association between blood cadmium and incidence of AF in the present study.
The mechanisms underlying the association between cadmium and HF are unclear. Cadmium has been associated with many cardiovascular risk factors, such as hypertension, 5 34 smoking and kidney disease, 6 8 which might partly explain the association between cadmium and HF. Cadmium was significantly associated with baseline blood pressure, current smoking, history of a coronary event and plasma creatinine in our study. However, cadmium was associated with increased risk of HF after adjustment for the baseline levels of these risk factors. Cadmium could potentially replace and interact with the homeostasis of several essential metals, such as zinc, iron and calcium. 35 It has been reported that cadmium could have cardiotoxic effects, which might explain the association between cadmium and HF. Chronic exposure to cadmium causes degenerative changes to myocardial cells in rats, and cardiac depressant effects following low dose cadmium exposure have been reported in mice. 18 19 Cadmium may affect the tissue structure and integrity of the heart muscle by oxidative stress and increased reactive oxygen species production or by DNA methylation. 20 21 Cadmium also affects the cardiac conduction system by interfering with calcium-mediated physiological and biochemical processes. 22 Blockade of L-type calcium channels and altered outward potassium current in ventricular myocytes were also observed in vivo. 23 36 HF is a heterogeneous syndrome characterised by impairment of the heart to fill and/or eject blood commensurate with the metabolic needs of the body, resulting in pulmonary or venous congestion. 37 Traditionally, HF has been associated with reduced left ventricular ejection fraction (HF with reduced ejection fraction-HFREF). During the past decades, it has been widely recognised that HF also occurs with preserved ejection fraction (HFPEF), 38 characterised by normal left ventricular systolic function and abnormal diastolic function in combination with clinical signs or symptoms of HF. 39 The prevalence of HF increases strongly after middle age and is about 10% among those above the age of 75 years. 38 Recent studies have shown that half of the cases with HF have HFPEF. 38 In comparison with HFREF, patients with HFPEF are older, more often women, more often hypertensive and have a higher prevalence of AF but a lower prevalence of coronary artery disease. 38 Non-cardiovascular comorbidities seem to be more prevalent and include renal impairment, chronic lung diseases, anaemia and other diseases. 38 A meta-analysis has shown that HFPEF is associated with a 50% lower HR for mortality compared with HFREF and a higher likelihood of non-cardiovascular death. 40 A limitation of this study is that we were unable to distinguish between different types of HF. Since the mean age of the cohort was rather young (57 years) and the relationship between cadmium and HF was only found in men, it could be speculated that the cadmium level is mainly associated with HFREF.
Smoking is a major source of cadmium exposure and an established cardiovascular risk factor. In our study, the association between cadmium and incident HF remained after adjustment for smoking status. We did not have information on serum cotinine, but adjustment for pack-years, which were available in a major part of the cohort, did not change the results. In addition, the point-estimate of the association between cadmium and incidence of HF was similar in a separate analysis of never smokers, although not attaining statistical significance. The major source of cadmium in non-smokers is the high dietary intake of contaminated healthy food items, such as whole grains and vegetables. 1 41 The high intake of whole grains and vegetables could have protective effects and reduce the risk of CVD. 42 43 Hence, a more healthy diet could counterbalance the adverse effects of cadmium in non-smokers, and this could hypothetically explain the non-linear association between cadmium and HF.
The strength of this study included a large number of participants and events during a long follow-up period. The cardiovascular end points were retrieved from national hospital registers in Sweden with high validity for HF 32 and AF. 33 Since all HF events in the study had HF as the primary diagnosis and were hospitalised, we can assume that the diagnosis was valid and that HF was quite severe in most cases. A limitation is that we were unable to detect cases of HF that were diagnosed in the outpatient setting or undiagnosed. Therefore, it is unclear whether the present results could be generalised to less severe forms of HF. In conclusion, an elevated level of cadmium in the blood was associated with increased incidence of HF. Incidence of AF was not associated with cadmium. The results from this population-based study give support to the hypothesis of a relationship between cadmium and increased risk of HF.
